INTRODUCTION
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finishing diet. However, ADG and G:F increased as GLY concentration increased up to 8% of DM. Data in calves fed diets containing GLY would suggest that calf performance is equal to or greater than that of diets without GLY (Gunn et al., 2011) . Therefore, the objectives of our studies were to determine 1) the effects of GLY concentration on the performance of steers fed growing diets containing steam-flaked corn (SFC) and 2) the effects of replacing SFC or alfalfa hay (AH) with GLY on performance of growing steers. Our hypothesis was that GLY could be used as an effective feed ingredient at moderate inclusions in growing diets without adversely affecting performance.
MATERIALS AND METHODS
All animal use protocols were approved by the Amarillo Area Cooperative Research, Education, and Extension Team Animal Care and Use Committee.
Experiment 1
Cattle. Crossbred cattle used in Exp. 1 were delivered to the USDA-ARS Conservation and Production Research Laboratory/Texas Agrilife Research Center facility near Bushland, TX, in the spring of 2009. Upon arrival, the calves were castrated and were vaccinated against viral pathogens using modified-live cultures of bovine rhinotracheitis virus, bovine viral diarrhea (Types 1 and 2), parainfluenza-3 virus, and bovine respiratory syncytial virus (Bovi-Shield Gold 5; Pfizer Animal Health, New York, NY). Cattle were also treated for Clostridial bacteria including Clostridium chauvoei, C. septicum, C. novyi, C. sordellii, and C. perfringens type C and D (Vision 7 with SPUR; Merck Animal Health, Summit, NJ). In addition, steers were dosed with an anthelmintic dewormer containing ivermectin and clorsulon (Ivomec Plus; Merial, Duluth, GA). After arrival, cattle were fed either 30% wet distillers grains with solubles (WDGS) or 30% wet corn gluten feed with 35% SFC, 32.5% roughage (either AH or cottonseed hulls), and 2.5% supplement. After the receiving period, steers were trained to the use of Calan-Broadbent electronic headgates (American Calan Inc., Northwood, NH) and continued to be fed the receiving diet. The training period lasted approximately 30 d. On d 1 of the experiment, cattle were implanted with Ralgro (36 mg of zeranol; Merck Animal Health).
Treatment and Experimental Design. A randomized complete block design was used for Exp. 1. Dietary treatments consisted of 0, 2.5, 5, 7.5, and 10.0% inclusion of GLY (DM basis) in SFC-based diets (Table 1 ). Cattle were blocked by BW (255 ± 3.6 kg) and randomly assigned to treatment. Crude glycerin and supplemental cottonseed meal replaced SFC in experimental treatments in an attempt to balance all diets for CP (Table 1) .
Diets were formulated to exceed MP requirements using the NRC (1996) model. Monensin (33 mg/kg, Rumensin; Elanco Animal Health, Greenfield, IN), tylosin (8.7 mg/kg, Tylan; Elanco Animal Health) and vitamins and minerals to meet or exceed NRC (1996) requirements were incorporated into a supplement premix. Steers were fed for a total of 78 d. For Exp. 1 and 2, diets were mixed 3 times each week and stored indoors in a feed cart. Cleanout of the mixer unit was monitored to ensure that crosscontamination of diets was minimized. The SFC (bulk density of 350 g/L) was purchased 3 or 4 times per week from a feedlot. GLY was purchased from Westway Feed Products (Hereford, TX) as needed.
Feeding, Weighing, and Routine Management. Throughout the feeding period, feed refusals were collected once per week, sampled, and dried to determine DM refusal. Refusals were subtracted from feed offered (DM basis) to calculate DMI. SFC samples were collected 3 times per week and all other ingredients were sampled once weekly for DM determination. Ingredient DM was determined by drying in a 55°C forced-air oven for 48 h and was updated weekly for diet formulation. A composite sample was made for each ingredient using DM samples collected over the duration of the study and sent to a commercial laboratory (Servi-Tech Laboratories, Amarillo, TX) for nutrient analysis. A composite GLY sample was analyzed for methanol concentration by a commercial laboratory (SDK Labora- tories, Hutchinson, KS). For both studies, steers were fed once daily in quantities sufficient to maintain ad libitum intake. Feed bunks were evaluated daily at approximately 0630 h and feed was allotted so that approximately 100 g/ steer remained in the bunk each morning.
For both experiments, cattle were limit-fed a common diet for 7 d at the beginning and the end of each study similar to the procedures of Watson et al. (2012) . Individual BW was recorded on the last 3 d of limit-feeding to reduce error caused by gut fill. Steers were individually weighed (Trojan Livestock Equipment, Weatherford, TX; set on 4 electronic load cells; readability of ± 0.45 kg; scale calibrated with 454 kg of certified weights before use) initially on 3 consecutive d after being limit-fed the receiving diet at 1.75% of BW to minimize gut fill differences. Exp. 1 steers were limit-fed the control diet (Table 1 ) at 1.75% of BW. Exp. 2 steers were limit-fed a diet consisting of 32.5% SFC, 32.5% wet corn gluten feed, 32.5% AH, and 2.5% commercial supplement at 1.75% of BW. The authors realize that presenting carcass data would strengthen both Exp. 1 and 2. However, carcass data were not collected in Exp. 1 or 2, as the cattle used in both experiments were on growing diets and then transitioned to different finishing experiments where carcass data was then collected.
Experiment 2
Crossbred steers (n = 54; initial BW = 283 ± 1 kg) were used in a randomized complete block design to determine the effects of replacing SFC or AH with GLY in growing cattle diets. Dietary treatments (Table 3) consisted of 0% GLY (CON) or 7.5% GLY which replaced either AH (REPAH) or SFC (REPSFC). Diets were formulated to meet the minimum requirement for growth (NRC, 1996) and contained the same supplement used in Exp. 1. Steers were fed for 70 d. All of the feeding, weighing, and routine management were identical to that used in Exp. 1.
Statistical Analysis
All data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC) with steer as the experimental unit. In Exp. 1, the fixed effect of treatment (diet) was included in the model and weight block was a random effect.
Orthogonal contrast statements were used to separate linear and quadratic effects of GLY inclusion in the diet. For Exp. 2, the fixed effect of treatment (diet) was included in the model and block was considered random. For all experiments, effects were considered significant at P-value of £ 0.05, with tendencies declared at P-values between 0.05 and 0.10.
RESULTS

Feeding Experiments
Chemical compositions of the dietary treatments are presented in Table 1 . Diets were formulated for equivalent CP concentration. Furthermore, NDF, ether extract (EE), Ca, P, K, and Mg concentrations across diets were similar. Chemical composition of the GLY is presented in Table 2 . The total methanol concentration in the final diets of both Exp. 1 and 2 was less than the amount regulated by the FDA for food animals.
Cattle performance is presented in Table 3 . Final BW tended to respond quadratically (P = 0.09) in which it increased from 0 to 2.5%, and decreased when inclusion was greater than 7.5% of DM. The 10% GLY treatment had the lightest final BW. In the current experiment, GLY level had no effect (linear, P = 0.40; quadratic, P = 0.32) on DMI and the range in DMI was from 9.4 to 10.7 kg. There was a quadratic effect (P = 0.04) on ADG, where it increased to 7.5% inclusion and decreased at the greatest inclusion level of 10%. The relationship between ADG and GLY concentration was described by the equation:
where the estimates for b 2 ± 0.0031, b 1 ± 0.0322, and β 0 ± 0.0677 , respectively, and R 2 = 0.10
Solving the first derivative indicated that the optimum concentration of GLY to maximize ADG in the growing cattle diet based on SFC was 4.45%. Furthermore, BW gain-to-feed efficiency decreased linearly (P = 0.05) as GLY level increased in the diet. The relationship between G:F and GLY concentration was described by the equation:
where the estimates for b 2 ± 0.0003, b 1 ± 0.0028, and b 0 ± 0.0059 , respectively, and R 2 = 0.11 Solving the first derivative indicated that the optimum concentration of GLY for maximum G:F in a growing cattle diet based on SFC was 3.18%. The optimum ADG and G:F calculations are based solely on performance data and not the price of GLY in relation to roughage.
In Exp. 2, growing steer performance was evaluated by the replacement of either SFC or AH with 7.5% GLY in a growing diet based on the results of Exp. 1. Our hypothesis was that fiber digestion may be reduced at a high GLY inclusion; thus, we fed 7.5% GLY in Exp. 2.
The chemical compositions of the dietary treatments are presented in Table 4 . The diets were not formulated to be isonitrogenous, and the resulting range in CP is from 14.2 to 15.3%. The NDF concentration of the diets was not constant and ranged from 33.7 to 37.2% of DM. Moreover, the diets were similar in EE, Ca, P, K, and Mg concentrations. Sodium in the diet increased from 0.2 to 0.4% of DM as GLY was added at 7.5% in the REPSFC and REPAH diets.
Performance results are presented in Table 5 . By design there were no differences (P = 0.94) in initial BW; however, final BW was greater for cattle fed REPAH than fed CON or REPSFC (P = 0.04). In the present study (Table 5) , DMI was not different (P = 0.25) across treatments. Average daily gain was greater for cattle fed REPAH than CON or REPSFC (P = 0.03). Feed efficiency (G:F) was not different across treatments (P = 0.53) even though a difference in ADG was observed.
DISCUSSION
Feeding Experiments
The results of the GLY analysis indicate that GLY is viable source of Na and has low concentrations of CP, EE, and methanol. However, there were differences in the concentration of CP, EE, Na, and methanol between Exp. 1 and 2. The GLY was obtained from the same plant in both experiments, and this highlights the need for rigorous sampling and quality control when feeding by-products to cattle.
The 10% GLY treatment had the lightest final BW. Feeding SFC and increasing levels of GLY (0, 3, 6, and 9%) in finishing diets, Moore et al. (2011) noted a linear increase in final BW as GLY concentration increased, which is different than the decrease in final BW at the greatest concentration of GLY inclusion observed in the present experiment. Similar to our experiment, Gunn et al. (2011) reported no differences in DMI when including 15 or 30% GLY in growing diets. Additionally, Mach et al. (2009) fed 0, 4, 8, and 12% GLY to Holstein bulls and found no differences in DMI; however, Na concentration was normalized across treatments and GLY replaced concentrate grain and that was not the case in the current experiment. In contrast, results were observed by Pyatt et al. (2007) and Moore et al. (2011) in which a decrease in DMI was noted as GLY concentration increased in the diet. According to Trabue et al. (2007) , increasing lactic acid concentrations could depress GLY fermentation in the rumen, thus altering (decreasing) DMI. A linear decrease in DMI was observed by Parsons et al. (2009) as GLY concentration increased beyond 2% of DM, which could have been the result of increased Na concentration in the diet. In lambs fed isocaloric, isonitrogenous diets containing 0, 5, 10, 15, or 20% GLY in replacement of cracked corn with chopped hay, and dried distillers grains with solubles, DMI increased with increasing concentrations of GLY in the diet during the first 14 d of the feeding period (Gunn et al., 2010b) . Roger et al. (1992) hypothesized that introducing glycerin to the rumen reduces celluloytic activity of rumen bacteria, which could potentially decrease fiber digestibility. However, Krehbiel (2008) noted that ruminal microorganisms adapted to glycerin feeding as evidenced by increased rates of GLY with increased days on feed. Furthermore, Hess et al. (2008) observed that GLY could be fed at up to 15% of DM without adversely affecting DM or fiber digestibility of warm-season grasses. The reason for the difference in that of Hess et al. (2008) and the current experiment could potentially be the reduced concentration of fiber in our growing diet than contained in the warm-season grasses fed which would lead to differences in ruminal microorganisms. Gunn et al. (2010b) fed lambs GLY at 0, 5, 10, 15, and 20% and noted a quadratic response in ADG; however, in their experiment, ADG was greatest at 15% GLY inclusion. These data are not consistent with the current experiment in which we found ADG peaked at a GLY inclusion of 7.5% of DM and there was no rate of BW gain benefit when feeding GLY above 7.5% of DM when GLY replaced SFC. Pyatt et al. (2007) reported a 10.1% reduction in DMI when crude GLY was fed to steers at 10% in a grain-based finishing diet with 15% DDGS and a coproduct diet with 30% DDGS and 15% soy hulls, both based on cracked corn. Additionally, there seemed to be a synergistic response in ADG when feeding GLY in conjunction with distillers grains as reported by Pyatt et al. (2007) . Furthermore, other researchers have reported a linear increase in ADG when steers were fed finishing diets containing 0, 3, 6, and 9% GLY (Moore et al., 2011) . Therefore, most of the literature data would suggest that there is an increase in ADG when finishing cattle are fed GLY up to 10% of DM, but no benefit in feeding GLY above 10% (Parsons et al., 2009) ; however, concentrate diets were fed in most of these experiments and GLY replaced corn. In contrast, when Holstein bulls were fed 0, 4, 8, and 12% GLY in a corn meal and barley grain-based diet no differences were observed in ADG (Mach et al., 2009 ) when GLY replaced barley grain. The linear decrease in G:F from 2.5 to 10% GLY is somewhat less than other literature values of the optimal GLY level in finishing diets; however, unlike previous research, we fed a growing diet with a greater concentration of roughage than concentrate. The decrease in G:F could possibly indicate that when replacing SFC with GLY, the energetic value of GLY is less than that of SFC, or the increasing levels of GLY in the diet could potentially decrease the digestibility of AH and cottonseed hulls, therefore decreasing G:F. Whatever the reason, it is evident in the current experiment that G:F decreases as GLY increases above 2.5% of a growing cattle diet. Similarly, Moore et al. (2011) reported a linear decrease in G:F as GLY concentration increased in SFC-based finishing diets. In contrast, Pyatt et al. (2007) reported that inclusion of 10% GLY in cracked-corn-based diets or by-productbased diets improved G:F by 19.2% compared with diets without GLY. Parsons et al. (2009) demonstrated that including GLY up to 12% in finishing diets improved G:F. Gunn et al. (2010b) noted a quadratic response in G:F for lambs fed increasing levels of GLY, and Musselman et al. (2008) reported that feeding GLY to sheep above 15% of DM decreased G:F as a result of decreased ADG.
Our results are similar to earlier studies in which G:F increased quadratically with increased dietary GLY inclusion (Musselman et al., 2008; Parsons et al., 2009; Gunn et al., 2010b) . Based on the first derivative and the performance data observed in Exp. 1 (Table 3 ), it appears that the optimum GLY inclusion in high forage growing cattle diets is less than 5%. The optimum ADG and G:F calculations are based solely on performance data and not the price of GLY in relation to roughage. Furthermore, the authors realize that these models only describe a small amount of the variance; however, they do predict the general behavior of the data based on performance.
After the conclusion of Exp. 1, the authors hypothesized that performance may be different if GLY replaced either the energy source (SFC) or the roughage source (AH) in a growing diet; therefore, Exp. 2 was conducted where 7.5% GLY replaced either SFC or AH in a growing cattle diet. As expected, the REPAH diet had the lowest concentration of NDF because GLY replaced AH. Greater Na concentration was expected in the diets including GLY because of the high Na content in GLY (Table 2) . Moore et al. (2011) reported that final BW increased linearly as GLY concentration in the diet increased from 0 to 9%. Final BW for early-weaned calves was greater for cattle fed a dry-rolled corn-based diet with dried distillers grains and solubles and cattle fed a similar diet including 15% GLY than the diet including GLY at 30% (Gunn et al., 2011) . The DMI observed in the current experiment is in contrast to the results of Pyatt et al. (2007) , who reported that feeding GLY resulted in a 10% reduction in DMI. Additionally, Moore et al. (2011) noted a decrease in DMI as GLY concentration increased in the diet, and Parsons et al. (2009) reported a linear decrease in DMI as GLY concentration increased above 2% of the diet, but in those experiments, GLY replaced corn and not roughage. Similar to the current experiment, Gunn et al. (2011) noted no differences in DMI when feeding 15 and 30% GLY in finishing diets, and Mach et al. (2009) also found no differences in DMI when feeding 0 to 12% GLY in concentrate-based diets to finishing Holstein bulls in which GLY replaced barley grain. Increases in DMI as a result of GLY inclusion have also been reported where lambs were fed diets from 0 to 20% GLY for the first 14 d of the feeding period (Gunn et al., 2010b) . The difference in BW gain between REPAH and CON or REPSFC could be the result of increased digestibility of the diet by removing the AH which is less digestible than SFC. This would also support earlier hypotheses that feeding GLY to ruminants can reduce celluloytic activity of rumen bacteria (Roger et al., 1992) , which could potentially decrease fiber digestibility. Other researchers have reported a linear increase in ADG as GLY increased in the diet to 9% of DM (Moore et al., 2011) . These results are similar to Gunn et al. (2011) who reported no difference in G:F when steers were fed diets containing 0, 15, or 30% GLY. Others have demonstrated that G:F decreases (Moore et al., 2011) or increases (Pyatt et al., 2007; Parsons et al., 2009) when GLY is included in the diet. The current data set highlights that the response of GLY in experiments is dependent on what GLY replaces in experimental diets, whether it be grain or roughage. Furthermore, in the instance that GLY replaces roughage, part of the response could be related to the increased energy density as roughage is replaced with GLY. Analysis of responses of ADF and G:F on GLY predicts the apex at 4.5 and 3.1% for ADG and G:F, respectively, as a result of solving for the first derivative when GLY replaces concentrate grain in a growing cattle diet. Replacing 7.5% of AH in a growing diet with GLY can be beneficial to animal performance, which is likely the result of increased energy in GLY compared with AH.
